Photodegradation of three tetrachlorodibenzo p-dioxins (TCDDs), 1, 2, 3, 4-TCDD, 1, 3, 6, 8-TCDD, and 2, 3, 7, 8-TCDD, in dioxane solution was investigated under xenon lamp irradiation. The quantum yields (b2) for direct photodegradation of these TCDDs were 1.009x10-3, 2.798 X103, and 1.990x10-2mol einstein-1, respectively, at 313 nm, which is a wavelength usually used in determining the quantum yield of a test compound.
INTRODUCTION
Polychlorinated dibenzo p-dioxins (PCDDs) have been known as by-products of certain chlorinated phenols and related compounds. Among the chlorinated dioxins, 2, 3, 7, 8-tetrachlorodibenzo p-dioxin (2, 3, 7, has the most toxic, teratogenic and acnegenic properties to mammals. 2 It is unlikely that PCDDs are present in aqueous solutions in the environment, because the solubilities of 1, 3, 6, 8-TCDD and octachlorodibenzo p-dioxin (OCDD) in water are as low as 3.2x107 and 3.9x107 g/l (9.94>1010 and 1.21x109moll) at 20.0 and 40.0C, and 0.4x109 and 2.0x109g/l (8.70x1013 and 4.35x10.12moll-) at 20.0 and 40.0C, respectively, and the solubilities of dibenzo p-dioxin (DD), 2-monochlorodibenzo p-dioxin (2-MCDD), and 1, 2, 3, 4-TCDD in water are also as low as 4.89x10-6, 1.46x 106, and 1.46x10-9moll at 25C, respectively. 4 However, it should be noticed that humic substances widespread in the natural water have an ability to solubilize chlorinated aromatic compounds present in aquatic systems. 5, 6 Photodegradation may be an important process affecting chemicals present in water or its surface. Chemicals may undergo direct photodegradati. on and/or indirect photodegradation in the environment. We think that the photodegradation of TCDDs in the environment is enhanced or reduced by organic materials dissolved in environmental waters such as natural photosensitizers or f ulvic and humic acids, because these compounds present in natural aquatic environments are known to enhance or to exert light screening and/or quenching effects on the photodegradation of environmental chemicals. 6 Although a number of studies have been done on the photodegradation of PCDDs, a-15 the photodegradation profiles in a wide range of irradiation wavelengths have not been clarified yet .  We have recently reported the photodegradation products of 1, 2, 3, 4-TCDD, 1, 3, 6, 8-TCDD  and 2, 3, 7, 8-TCDD, and their possible photodegradation pathways in one paper, 16 and in another the wavelength dependence of their photodegradation, and pointing out that the TCDDs had one of the two maximal photodegradation peaks at more than 295 nm in which solar energy may participate in photodegradation. 17) Our continuing interest in the photodegradation of TCDDs in the environment led us to a further investigation to predict the environmental fate of TCDDs. This paper presents the quantum yields of these TCDDs with the corresponding photodegradation rate constants and the estimated sunlight photodegradation half-life times.
MATERIALS AND METHODS

Procedures
The irradiation and the quantitative analyses were done according to the methods described in the previous reports. 15, 16 Tetrachlorodibenzo p-dioxins (TCDDs), namely, 1, 2, 3, 4-TCDD, 1, 3, 6, 8-TCDD and 2, 3, 7, 8-TCDD, were dissolved in 1, 4-dioxane to make 50-ppm (l.55x104molhl) solutions for light absorption spectra and 1 ppm (3.11x10-6molhl) solutions for photodegradation studies. The light absorption spectra of TCDDs were recorded with a Shimadzu spectrophotometer UV-240. A 3-ml aliquot of each solution was taken into a cubic quartz cell, and irradiated with a JASCO CRM-FA xenon lamp irradiator. After irradiation, quantitative analyses were done by using a Shimadzu 7A GC and a Hewlett Packard GC-MS.
Preparation of Actinometer Liquid
Actinometer solution was prepared according to the method of Hatchard & Parker. la) Potassium ferrioxalate was prepared by mixing. 3 volumes of 1.5M potassium oxalate with 1 volume of 1.5M ferric chloride with vigorous stirring. The precipitated potassium fernoxalate was recrystallized from warm water, and the crystals were dried in a stream of air at 45C. Actinometer solution of 0.006M was prepared by dissolving the crystals in 0.1N sulfuric acid. The solutions were irradiated in the same manner as the above.
RESULTS AND DISCUSSION Figure 1 shows the light absorption spectra of dioxane solutions of TCDDs, 1, 2, 3, 4-TCDD, 1, 3, 6, 8-TCDD and 2, 3, 7, 8-TCDD. Table 1 records the molar extinction coefficients (CA) of the above solutions at various wavelengths (A). Figure 1 and Table 1 In this study, the first-order photodegradation rate constant (KPA, unit: sec) and g2 were calculated at wavelengths of 313, 305. 6 and 318.6nm. A quantum yield at 313nm (313) is usually used to estimate KSP and (t1, 2) of a test compound in photodegradation studies, 19 and the use of 313 is adopted in the chemical fate testing guidelines by the Environmental Protection Agency (EPA, U. S. A.). 20 Although the use of 366 is also adopted in the guidelines by the EPA, c366 values were not calculated in this study because the TCDDs absorbed little light absorption ( Fig. 1) and hardly degraded at 366nm. 17 The quantum yields at 305.6 nm or at 318.6nm seemed to be also important because one of the maximal photodegradation degradation peaks of each 1, 2, 3, 4-TCDD, 1, 3, 6, 8-TCDD and 2, 3, 7, 8-TCDD was found with the maximal Kp2 value for each photodegradation of these TCDDs at 305.6, 305.6 and 318.6nm, respectively. 6 The values of Kp2 and c are shown in Tables  2, 3 and 4. The first-order photodegradation rate constants were determined by Eq. (1).
In(Po/Pt)=Kp2 (1) In Eq. (1), Po and Pt are the concentrations of a test compound at irradiation times of zero and t. As dioxins with chlorine atoms in the 2-, 3-, 7-and 8-positions (i.e., with lateral chlorine atoms) are known to photodegrade more rapidly than those with chlorine atoms in the 1-, 4-, 6-and 9-positions (i. e., with peni chlorine atoms) under both ultraviolet irradiation and sunlight irradiation, 11, 12, 16, 21) one may predict that the Kp2 value for direct photodegradation of the TCDDs increases in the following order: 1, 2, 3, 4-TCDD1, 3, 6, 8-TCDD <2, 3, 7, 8-TCDD. Actually, Tables 2 and 3 indicate positive trends at more than 295 nm, but not at 252. 6 nm. Namely, the Kp313 value of 2, 3, 7, 8-TCDD that possesses only lateral chlorine atoms was larger than those of other TCDDs. The Kp313 value of 1, 3, 6, 8-TCDD was more than three times larger than that of 1, 2, 3, 4-TCDD, although the both compounds possess two lateral chlorine atoms and two peni chlorine atoms. Further investigations are needed to clarify the relationship between the photodegradation rate and stereochemistry. Quantum yields (cA) were determined by Eq. (2). b2=Kp2/(2.303I2e2) (2) In Eq. (2), c is the cell path length (1.00cm). The values of Kp2 and e2 are obtained from Tables 1, 2 18 The published quantum yields data of potassium f errioxalate are also from the literature. 18 The measured values of I z were 2.386X10-6 einstein mol1 cm1 sec at 313nm, 1.880X106 einstein molcm.
sec at 305.6nm, and 2.776X 106 einstein mol1cm sec at 318.6nm. In order to estimate the first-order sunlight photodegradation rate constants of these TCDDs, the following Eq. (3) was used.
In Eq. (3), Ka(Ka2) is the sunlight absorption rate summed up all the A of sunlight that a test compound will absorb. Z2 is the sunlight intensity for a specified wavelength interval (Nnm) centered at wavelength A (units: photons cm2sec1 N nm), and j= 6.023X1020 is a conversion constant that makes the units of Z2 and e2 compatible. The sunlight intensity data on the surface of water bodies as functions of time of day, season, and latitude in the range from 297.5nm to 800nm are available in the literature. 22 The KSp values in Table 4 were thus estimated by Eqs.
(1), (2) and (3) along with, eA and Z2. (t1/2)Sp=1n2/KSp (4) As shown in Table 2 , the c 313 values of 1, 2, 3, 4-TCDD, 1, 3, 6, 8-TCDD and 2, 3, 7, 8-TCDD were 1.009X10-3, 2.798>10-3, and 1.990X102 mol einstein1, respectively. However, a quantum yield at 313 nm is not always larger than those at other wavelengths because it is affected to a large extent by the photodegradation rate constant and molar extinction coefficient, as shown in Eq. (2) . For example, the quantum yields of 1, 2, 3, 4-TCDD, 1, 3, 6, 8-TCDD and 2, 3, 7, 8-TCDD at the wavelengths of the maximal photodegradation peak at more than 295 nm were larger than those at 313 nm as shown in Table 3 . This suggests that the photodegradation rates of these TCDDs will be much faster in the environment than those calculated based on the 313 value. For the above reason, the c313 value alone seems to be insufficient to predict the environmental fates of these TCDDs even though the Environmental Protection Agency has recommended to use c313 in chemical fate testing. 20 It may be necessary to calculate at least at a wavelength of the maximal photodegradation peak other than 313, if a test compound has a maximal photodegradation peak at more than 295 nm in which solar energy may participate in photodegradation. As expected, the sunlight photodegradation rate constants (KSp) of these TCDDs in summer season were 15 We, therefore, supposed that the A values of these TCDDs in dioxane would not be very far from those in water, and concluded thus expect that the photodegradation of the TCDDs would occur in such a manner as shown in Table 4 in the environment.
